The reactive pigment composite particles were fabricated by a two-step method. Phthalocyanine Blue (PB) was encapsulated with silica through a Sol-Gel method in the first step, and the encapsulation conditions were optimized. 3-(Trimethoxysilyl)propyl methacrylate was then grafted onto the silica encapsulated organic pigment (EPB) in the second step, and the FT-IR analysis indicated that the relevant functional groups had been introduced onto the EPB. The particle size, hydrophilicity and the color characteristics of the Reactive Phthalocyanine Blue (RPB) changed little in comparison with PB. The photopolymerization performance of the RPB-based ink showed a certain increase, and the fastness toward crocking of the printed fabrics was coordinately improved.
Introduction
Textile digital printing is considered one of the most promising methods for the printing of textile fabrics.
1,2 Compared with dye-based inks, pigment-based inks have become more and more popular due to shorter printing processes, lower water and energy consumption and their applicability to all types of textile fabric substrates.
3,4 However, pigment-based inks usually suffer from nozzle clogging problems. In order to overcome a nozzle clogging problem, light curable inks are proposed by substituting oligomers and monomers for the polymeric binder.
5 Blue-light curable digital inkjet printing of textiles employs oligomers and monomers instead of the polymeric binder used in conventional pigment inks to ensure a sufficient uidity during the ink-jet process and to solve the nozzle clogging problem. Aer injection, the oligomers and monomers polymerize and form a tough lm on the fabric surface under blue-LED irradiation, achieving an expected colorfastness. [6] [7] [8] However, in view of the inherent characterizations of pigment printing, pigment particles are physically covered in the lm. Consequently, there are few rm forces between pigment particles and polymer lm, resulting in a difficulty to achieve high-level colorfastness.
In order to improve the colorfastness of pigment-based inkjet printing, many studies have been reported. [9] [10] [11] [12] [13] [14] Fu et al. 15 considered that the most promising method to improve the quality of pigment-based inks was encapsulating latex particles onto surface of organic pigment. Recently, several methods have been reported for the encapsulation of pigment particles such as emulsion or mini-emulsion polymerization, 16, 17 phase separation, 18, 19 layer by-layer assembly, 20 and sol-gel method. 21, 22 Nevertheless, the encapsulated pigments by these methods were still lack of rm forces in the crosslinking lm. In our previous work, 23 reactive organic pigment complex was prepared by the absorption-encapsulation of 3-(trimethoxysilyl)propyl methacrylate (MPS) onto the surface of organic pigment. However, the surface of PB was lack of reactive groups, so that the distribution of MPS onto PB was difficult to be controlled effectively. Thus, the hydrophilicity of reactive organic pigment complex were slightly increased, resulting in the increase of the particle size in ink. Silica was considered to be a good candidate of the transition layer, because it was convenient to coat on organic pigment and easy to be functionalized. [24] [25] [26] Aer encapsulation of silica, hydroxyl group can be induced onto the surface of PB, which has good reactivity with various coupling agents.
27,28 Based on the above idea, two-step method was proposed to prepare reactive pigment composite particles.
In this paper, silica encapsulated organic pigment (EPB) was rstly prepared by Sol-gel method, and the Reactive Phthalocyanine Blue (RPB) was then prepared by graing MPS onto the surface of EPB. The double bonds existed in RPB can participate in the copolymerization of oligomers and monomers to realize the rm anchorage of pigment particles in the polymer crosslinked network structure via covalent bonds. The optimum process to prepare EPB was investigated. The particle size, color performance and hydrophilicity of RPB were studied. The application of the RPB in blue light curable inks was carried out and the colorfastness toward crocking of the printed fabric was investigated. 
Preparation of reactive pigment composite particles
Reactive pigment composite particles were achieved by the following procedure: 1 g EPB was dispersed into 100 mL solution of ethanol/water (2/8, v/v). The dispersion was ultrasonically dispersed for 30 min, then a solution of 0.1 g MPS in 20 mL solution of ethanol/water (2/8, v/v) was added into the above dispersion. And the mixture was stirred for 3 h further at 75 C.
The obtained sample was rinsed twice with deionized water and dried at 40 C for 24 h. The schematic mechanism of preparation of reactive pigment composite particles was shown in Scheme 2.
Preparation of the blue light curable inks
A blue light curable ink was composed of 1 wt% CQ/EDMAB combination as photoinitiators, a commercial oligomer/HEA/ IBOA combination as medium, 1.0 wt% as-prepared reactive pigment or PB. The mixture was dispersed by a covered ultrasonic oscillator (250 W, 40 kHz, Kunshan Ultrasound Co., Ltd).
Photo-differential scanning calorimetry measurement
The photo-polymerization behavior of as-prepared blue light curable ink was examined by photo-DSC analysis. Photo-DSC measurements were performed using a differential scanning calorimeter (Q2000, TA Instruments, USA) equipped with a photo-calorimetric accessory (PCA OmniCure S2000, Canada).
BET analysis
Nitrogen adsorption/desorption isotherms were measured using a Micromeritics ASAP 2020HD88. The Brunauer-EmmettTeller (BET) method was used to analyze the specic surface areas of the samples.
FT-IR analysis
Fourier transform infrared (FT-IR) spectra of the samples was recorded on a FT-IR spectrometer (Nicolet 5700, USA) at a resolution of 4 cm À1 in the range from 4000 to 600 cm À1 .
TEM analysis
The morphologies of PB, EPB and RPB were taken using a JSM-2100 transmission electron microscope (JEOL, Japan) at an acceleration voltage of 200 kV.
Particle size analysis
The samples of PB and EPB were prepared respectively by mixing pigment (0.01 g) and deionized water (10 g), which were subjected to ultrasonic treatment for 30 min, and then diluted in same times. The particle sizes of the samples were determined by a Malvern laser particle sizes analyzer (Nano-S, England).
Scheme 1 Schematic diagram for the preparation of EPB composite particles.
The samples of PB and RPB were prepared respectively by mixing organic pigment (0.01 g) and HEA (10 g), which were subjected to ultrasonic treatment for 30 min, and then diluted in same times. The particle sizes of the samples were determined by a Malvern laser particle sizes analyzer (Nano-S, England).
Dispersion stability
The samples of PB and RPB were prepared respectively by mixing pigment (0.01 g) and HEA (10 g), which were subjected to ultrasonic treatment for 30 min. Aer standing for a week, the digital photographs were taken by digital camera (Sony).
Surface tension
The surface tension of inks was measured by using a contactangle system (DSA-20, Germany) at ambient temperature and saturated humidity.
Thermogravimetric analyses (TGA)
EPB and PB were analyzed for their thermal behavior using a Perkinelmer Pyris 1 TGA thermal analysis instrument. The samples were heated from 25 to 700 C at a heating rate of 20 C min À1 under N 2 atmosphere.
UV-vis spectrophotometer
The reection of PB and RPB was detected on a UV-vis spectrophotometer (UV-2600, Japan) using the diffuse reectance mode.
Digital printing of cotton fabrics
A digital printing trial using the as-prepared blue light curable ink was carried out on a plain woven cotton fabric with uid dispensing equipment (TenSun TS-500B, China) at 20 mm s À1 moving speed with 140 kPa nitrogen pressures. Aer printing, the printed fabrics were cured under a self-assembled blue light emitting diode (LED) lamp in nitrogen atmosphere for 5 min.
Measurement of rubbing color-fastness
The dry and wet rubbing color-fastness of the printed cotton fabrics was measured by employing a rubbing tester (680MD, UK) according to AATCC 8-2007 test method.
Mechanical properties
The cured lms were prepared by blue light curable ink. The elongation at break and breaking strength of cured lms were tested by Instron 3367 material testing machine according to ASTM D638-2014 standard.
Handle analysis
The handle of printed fabric was tested by intelligent fabric style instrument (YG821LPhabrOmeterfabric, China), and the samples were cut into circle with diameter of 12 cm.
3 Results and discussion
Preparation of EPB
The effective encapsulation of organic pigment with silica was benecial for the preparation of RPB. The encapsulation of organic pigment via sol-gel process of TEOS was carried out in ethanol at room temperature. The effects of deionized water, pH and TEOS on the preparation of EPB were investigated. 3.1.1 Effect of deionized water on the preparation of EPB. The inuences of deionized water on the encapsulation of organic pigment with silica are shown in Table 1 . The particle size and PDI of PB had the biggest value. Aer silica encapsulation, the particle size and PDI of EPB decreased. This was probably because organic pigment was encapsulated by silica, so that the hydrophilicity and the dispersion stability of EPB were improved. The particle size and PDI of EPB increased with increasing of deionized water. It might be that high water content could result in fast hydrolysis and condensation of TEOS, accompanied by the strong tendency to self-nucleation. Therefore, the optimum dosage of deionized water was 1 : 16 (V water /V ethanol ).
3.1.2 Effect of pH on the preparation of EPB. Table 2 displays the effects of pH on the encapsulation of organic pigment with silica. In Table 2 , when pH values were 11 and 12, Scheme 2 Mechanism for preparation of RPB. the particle sizes and PDI were obviously increased. It might be attributed to high pH value, leading to the fast hydrolysis and condensation of TEOS. The specic surface areas of the PB particles and EPB with different pH were determined by BET and Langmuir method and listed in Table 3 . It could be found that the specic surface area of EPB had little change at pH value 9 and 10. However, at pH 11 and 12, the specic surface of EPB were obviously increased. In Fig. 1 , it also demonstrated that the N 2 adsorption/desorption isotherms of EPB were similar to that of the PB particles at pH 9 and 10. When relative pressure P/P 0 was more than 0.75, a slight separation of the adsorption isotherms and desorption isotherms of EPB was also observed at pH 11 and 12, which should be the evidence of a small quantity of micropores existed on the organic pigment surfaces, due to the generation of SiO 2 nanoparticles on the surface of organic pigment. 21 As a result, the optimum pH value was 10. Table 4 shows the effect of TEOS dosage on the encapsulation of organic pigment. When the concentration of TEOS changed, the particle size and PDI of EPB had little change. Furthermore, the amount of silica, which was encapsulated on the surface of organic pigment, was characterized by TGA, shown in Fig. 2 . As TEOS increased, the amount of silica encapsulate on the surface of organic pigment increased. It also implied that the content of silica encapsulated on the surface of organic pigment could be easily modulated with various TEOS dosage. Fig. 2 shows the thermogravimetric results of the PB and EPB and Fig. 3 gives the differential of the TGA curves in Fig. 2 . It was found that the PB had two stages of weight loss while EPB had three stages. It demonstrated that the thermostability of EPB was improved aer silica encapsulation. Above all, the optimum TEOS dosage was 0.8 : 1 (mass ratio of TEOS to PB).
Effect of TEOS on the preparation of EPB.

FT-IR analysis
Aer encapsulated silica, the EPB was easy to be functionalized by silane coupling agent, therefore, the reactive pigment composite particles could be easily prepared by graing MPS onto EPB. 27, 28 The FT-IR spectra of PB, EPB and RPB were presented in Fig. 4 to conrm the successful modication of Phthalocyanine Blue by silica and MPS. As seen in Fig. 4(b) and (c), the characteristic peaks at 813 cm À1 corresponded to the Si-O-Si stretching vibration absorption peak. In comparison with the spectra of the PB and EPB, the absorption peaks at 1717 and 1636 cm À1 appeared in the spectra of the RPB, which referred to C]O and the C]C stretching vibration absorption peak, respectively. Therefore, silica and C]C group were introduced onto the surface of PB.
TEM and EDS analyses
The morphologies of PB, EPB and RPB were characterized by TEM microscopy as shown in Fig. 5 . Compared with the PB (Fig. 5a ), the relatively much darker surfaces could be observed in the EPB and RPB, which indicated that the surfaces of organic pigment were encapsulated with silica. 21 The presence of silica could be further conrmed by the following EDS analysis. Fig. 6 showed the atomic compositions of PB, EPB and RPB. It could be seen that, from Fig. 6 , there was no presence of atomic silica on the PB, while obvious presence of atomic silica on both the EPB and RPB, indicated by the peaks at 1.8 keV on Fig. 6(b) and (c) .
Further observation of TEM images, it seems that there were no SiO 2 particles presented on the pigment surface on Fig. 5(b) and (c) though EDS analysis has conrmed the presence of silica element. This might be explained by the formation of silica lm on the pigment surface during the sol-gel treatment, rather than the formation of SiO 2 particles.
Contact angle of organic pigment
The wetting of water on the solid is dependent on the relationship between the interfacial tensions. The contact angle (q) between the water droplet and the given surface can be used to represent the hydrophobicity-hydrophobicity. The inuences of modication on the water contact angle of organic pigment are shown in Fig. 7 . With regard to Fig. 7(a) , it was observed that the water contact angle of PB was 115.95 . However, the water contact angle of EPB was 51. 16 , it implied that the hydrophilic of EPB was improved due to the silica encapsulated on the surface of organic pigment. The water contact angle of RPB was increased aer graing MPS. The reaction between MPS and -OH on the surface of EPB was occurred, and C]C groups replaced -OH groups. As a result, the hydrophobicity of RPB was close to the PB.
3.5 Color performance of modied organic pigment particles Fig. 8 displays the inuences of modication on the color characteristic of the organic pigment. The color characteristic of the organic pigment was evaluated by examining the changes of the visible diffuse reectance spectra. In the spectra, the peak locations of PB, EPB and corresponding RPB were almost the same. The RPB kept similar hues to the PB, which could be proved by the appearance of the pigments, as shown in Fig. 8 . Therefore, there had little inuence of modication on the color performance of the organic pigments.
Particle size and dispersion stability analysis
The particle size distribution of PB and RPB were analyzed by a Nano Particle Analyzer. The results were plotted in Fig. 9 . The particle size distribution of RPB was similar to PB. It implied that the average particle size of RPB had little change. The reasons might be that a thin and homogeneous lm was formed on the surfaces of the organic pigment particles, and the encapsulation and graing had little inuence on the particle size. Fig. 10 shows the dispersion stability of PB and RPB in HEA. Aer one week standing, signicant stratication was found in the PB dispersion. In contrast, there was almost no stratication phenomenon appeared in the RPB dispersion, which indicated that the dispersion stability was improved aer modication. The reason was that an outward extension of the organic chain was formed on the surface of RPB which acted as a steric hindrance.
The surface tension of inks analysis
Surface tension is dened as the force per unit length that acts across any line in a surface, tending to pull the surface closed. Surface tension is calculated using the forces experienced by the balance as the probe interacts with the surface of the liquid. Fig. 11 showed the tensions of different inks. It was found that the surface tension of inks had little change aer the addition of PB and RPB. Furthermore, the surface tensions of inks with PB and RPB were almost the same. It suggested that the modi-cation of organic pigment had little effect on the surface tension of inks.
Photo-polymerization performance of blue light cured inks
Photo-polymerization performances of blue light cured inks are presented in Fig. 12 . Compared to the blank polymerization system, the photo-polymerization performance of the blue light cured inks declined aer the addition of PB or RPB, resulting from the physical shielding effect of pigment particle. The blue light cured ink with RPB had better performances than ink with PB. The reason was that the concentration of double bonds in inks increased aer modied. Therefore, the photopolymerization performance of the blue light cured ink with RPB was improved. Table 5 shows the crock fastness of the printed fabrics. It was clearly seen that the crock colorfastness of the printed fabric with RPB was improved. This was probably because the double bonds existed in RPB. The double bonds could participate in the copolymerization of oligomers and monomers, achieving a rm anchorage of pigment particles in the cross-linked polymer network. Fig. 13 showed the stress-strain curves of the cured lms. It was found that the elongation at break and breaking strength of cured lms were declined aer the addition of organic pigment. However, the elongation at break and breaking strength of cured lms with RPB were better than PB, which implied that the double bonds introduced in RPB had taken part in the copolymerization of oligomers and monomers. Table 6 displayed the handle of unprinted and printed fabric. The handle of fabric includes stiffness, smoothness and soness tested by PhabrOmeter fabric style instrument. The Fig. 11 Surface tensions of inks (a: ink without pigment, b: ink with PB, c: ink with RPB). Fig. 12 The polymerization rate of the blue light curable inks. lower the stiffness value is, the greater the smoothness and soness value are, the better the hand feeling. Table 6 showed the stiffness, smoothness and soness of unprinted and printed fabric had little change. It indicated that blue-light curable digital inkjet printing of textiles using RPB had little negative effect on the handle of fabric.
Printing performance
Conclusions
EPB was obtained by silica encapsulation via sol-gel methods, and the optimized encapsulation conditions were as follows: the dosage of deionized water was 1 : 16 (V water /V ethanol ), the pH value was 10 and the TEOS dosage was 0.8 : 1 (mass ratio of TEOS to PB). The RPB was prepared by graing 3-(trimethoxysilyl)propyl methacrylate onto EPB. TEM analysis showed that the surfaces of organic pigment were encapsulated with silica, and FTIR analysis indicated that MPS was graed on the EPB surface as expected. The particle size and hydrophilicity of RPB were similar to those of the PB. For the application properties of blue light curable pigment inks prepared using RPB, Photo-DSC analysis showed a markedly increased polymerization rate, and physical property measurements of printed fabrics showed an improved colorfastness toward crocking, and little negative inuence on fabric handle as well. 
